Brain metastasis is a common cause of mortality in cancer patients, yet potential therapeutic targets remain largely unknown. The type I insulin-like growth factor receptor (IGF-IR) is known to play a role in the progression of breast cancer and is currently being investigated in the clinical setting for various types of cancer. The present study demonstrates that IGF-IR is constitutively autophosphorylated in brain-seeking breast cancer sublines. Knockdown of IGF-IR results in a decrease of phospho-AKT and phospho-p70s6k, as well as decreased migration and invasion of MDA-MB-231Br brain-seeking cells. In addition, transient ablation of IGFBP3, which is overexpressed in brainseeking cells, blocks IGF-IR activation. Using an in vivo experimental brain metastasis model, we show that IGF-IR knockdown brain-seeking cells have reduced potential to establish brain metastases. Finally, we demonstrate that the malignancy of brain-seeking cells is attenuated by pharmacological inhibition with picropodophyllin, an IGF-IRspecific tyrosine kinase inhibitor. Together, our data suggest that the IGF-IR is an important mediator of brain metastasis and its ablation delays the onset of brain metastases in our model system.
Introduction
Brain metastases are the most frequent type of malignant brain tumors, and they commonly originate from lung, breast, melanoma, renal, and colon cancers [1] [2] [3] . Approximately 10-16% of breast cancer patients develop brain metastases, and this continues to be a major cause of mortality in women [1, 2, 4, 5] . The mean survival of patients with brain metastases ranges from 3-18 months, with a one-year survival rate of 20% [4, 6, 7] . The incidence of brain metastases is thought to be on the rise as patients are living longer due to the success of current therapies at controlling systemic disease while increasing the likelihood of circulating tumor cells to infiltrate the blood brain barrier [4, 8] . Despite the increase in patients presenting with brain metastases, there remains an unmet need for effective therapies to prevent and treat this condition.
The type I insulin-like growth factor receptor (IGF-IR) is known to promote metastasis in several cancers, including those of the colon, pancreas, prostate, and breast [9] [10] [11] . IGF-IR is composed of an extracellular α ligand-binding subunit and an intracellular β subunit responsible for signal transduction. IGF-IR is activated upon binding the IGF-1 ligand, although IGF-2 ligand, which shares 62% amino acid sequence homology with IGF-1, can also bind and activate the receptor with a two to fifteen-fold lower affinity [12] [13] [14] . Upon ligand binding, IGF-IR becomes autophosphorylated at Tyr 1131, 1135, and 1136 in the β subunit and subsequently recruits a host of proteins, including IRS-2, that activate signaling via PI3K/AKT and Ras/Raf/MAPK pathways to promote cell motility and pro-metastatic behavior in breast cancer cells [10, 15, 16] . In models of breast cancer bone metastasis, IGF-1 ligand promotes motility of bone-metastatic cells through IGF-IR activation [17] , and bone-derived IGF-1 can activate the process of bone metastases in breast cancer in a paracrine manner [18] . Inhibition of astrocyte-derived IGF-1 ligand was shown to reduce in vitro growth and adhesion of a brain metastatic variant of MDA-MB-435 breast cancer cells [19] . In breast cancer patients, phosphorylated IGF-IR associates with poor survival, and a recent study further showed that phosphorylation of IGF-IR at Tyr 1135/1136 is correlated with brain metastases of breast and lung cancers [20, 21] . However, the biological significance of IGF-IR activation in brain metastases of breast cancer has not been addressed to date.
The regulation of IGF-IR signaling is complex and not yet fully understood; however, it is well established that the IGF-IR signaling axis can be dysregulated by altered expression of the IGF ligands and IGF-binding proteins. The insulin-like growth factor binding protein-3 (IGFBP3) is the major binding protein and regulator of IGF-1 ligand bioavailability and has been reported to inhibit as well as potentiate the activity of IGF-IR signaling in different cancers [22] [23] [24] . In the least malignant breast cancer cell lines, IGFBP3 plays an inhibitory role as a tumor suppressor, and this function is reversed in highly malignant breast cancer cells which express higher levels of IGFBP3 [23] . It has been shown that cells can escape inhibition by IGFBP3 through development of resistance, similarly to the phenomenon observed in TGF-β and retinoic acid signaling [23] . For example, in T47D cells, transfection of IGFBP3 cDNA results in initial growth inhibition and arrest in G1 phase in vitro; however, the same IGFBP3-transfected cells displayed enhanced growth in vivo, and growth stimulation at later passages [25, 26] . This resistance or insensitivity of breast cancer cells to IGFBP3 inhibition, it turns out, is a result of oncogenic ras activation. It was shown that transformation of MCF10A cells with ras oncogene causes constitutive signaling through MAPK/ERK concomitant with increased production of IGFBP3, and subsequently results in cellular insensitivity to IGFBP3-mediated apoptosis and anti-proliferation [27] . A similar pattern of IGFBP3 insensitivity was observed in Hs578T breast cancer cells that endogenously express Hras [27] .
In addition, IGFBP3 also promotes migration in breast cancer cells [28] . In melanoma metastasis, IGFBP3 is overexpressed in metastatic tissues and is associated with malignant progression [29] . IGFBP3 was also shown to stimulate IGF-IR phosphorylation indirectly through activation of sphingosine kinase 1 (SphK1) and EGFR transactivation [24] . Adding yet another layer of complexity is the finding that IGFBP3 expression itself can be regulated by IGF-1 ligand through PI3K/AKT signaling in mammary epithelial cells, suggesting that the IGF-IR axis is self-regulated in an autocrine manner [30] .
Due to its central role in cancer cell signaling, IGF-IR has become an attractive target in the clinic, and various monoclonal antibodies and tyrosine kinase inhibitors (TKIs) against IGF-IR are currently being investigated for treatment of solid tumors [10] . In the present study, we sought to elucidate the biological relevance of IGF-IR signaling in the metastasis of breast cancer to the brain. We present evidence that IGF-IR signaling plays a role in the malignancy of brain-seeking breast cancer cells in vitro. Using an experimental brain metastasis model, we found that ablation of IGF-IR expression can prevent the outgrowth of brain metastases, suggesting that this signaling pathway merits further study as a potential target for the treatment of breast cancer brain metastasis.
Experimental Procedures
Detailed information about qRT-PCR, transwell migration and invasion assay, and proliferation assay is included in Methods S1.
Cell culture
All cancer cell lines were maintained at 37°C in a 5% CO 2 incubator. Unless otherwise noted, cells were cultured in complete medium containing DMEM/F12 with 10% fetal bovine serum (FBS) and penicillin/streptomycin. The human MDA-MB-231Br (brain-seeking) cell line and its corresponding MDA-MB-231P (parental) cells were contributed by Dr. Patricia Steeg and previously described [17] . The BT474 Br3 (brainseeking) cell line was established by Dr. Dihua Yu (unpublished data) at M D Anderson Cancer Center as a subclone from the BT474 M1 (parental) cell line [31] , which was derived by Dr. Dajun Yang at Georgetown University from the metastatic pool of cells in the lung of nude mice injected subcutaneously with the original BT-474 cell line isolated in 1978 by Lasfargues et al [32] . Cell lines were validated by STR DNA fingerprinting using the AmpFlSTR Identifiler kit according to manufacturer instructions (Applied Biosystems). The STR profiles were compared to known ATCC fingerprints (ATCC.org), to the Cell Line Integrated Molecular Authentication database (CLIMA) version 0.1.200808 (Nucleic Acids Research 37:D925-D932 PMCID: PMC2686526) and to the M D Anderson fingerprint database. The STR profiles matched known DNA fingerprints or were unique. Cells were incubated with 50 ng/mL human recombinant IGF-1 (#I3769, Sigma) for the indicated time points in ligand-stimulation experiments.
Immunoprecipitation and Western blotting
Equal numbers of cells per sample well were seeded and cultured in complete medium and/or treated as specified. 
Flow cytometry
IGF-IR phosphorylation was measured by flow cytometry. Cells were prepared as previously described [33] . Briefly, cells were serum-starved for 24 hr and then fixed for 10 min at room temperature with 1.5% paraformaldehyde by adding it directly into the medium used to collect cells after trypsinization. Cells were pelleted, permeabilized by adding ice-cold methanol and vortexing vigorously, and then incubated for 10 min at 4°C. Cells were then washed twice with staining buffer (PBS containing 1% BSA) and resuspended in staining buffer at 500,000 cells per 100 µl. Finally, cells were stained with AlexaFluor 647 mouse anti-IGF-1 Receptor (pY1131; #558588, BD Biosciences) or anti-IGF-IR-PE (3B7; #sc-462, Santa Cruz Biotechnology) and analyzed using the BC Gallios flow cytometer. Unstained cells were used as a control. All data were analyzed using the FlowJo version X software.
Production of stable cell lines
MDA-MB-231Br cells were first transduced with the luciferase expression vector pLenti CMV V5-LUC Blast w567-1 (plasmid #21474, Addgene) and the selected using blasticidin. Stable IGF-IR knockdowns (shIGF-IR) were obtained by transfection of MDA-MB-231Br cells with two lentiviral pLKO.1 constructs containing shRNA against IGF-IR target sequences, shIGF-IR (B): GAGACAGAGTACCCTTTCTTT and shIGF-IR (F): GCCGAAGATTTCACAGTCAAA (TRCN0000121135 and TRCN0000039675, respectively, Open Biosystems). MDA-MB-231Br control cells (Vector) were obtained by stable transfection with a pLKO.1 puro empty vector control plasmid (Sigma). Luciferase, shRNA, or control constructs were cotransfected with lentiviral packaging plasmids into 293T cells, and viral particles were harvested at 24 and 48 hr posttransfection. MDA-MB-231Br cells were infected with virus for 48 hr in the presence of 5 µg/mL polybrene. Luciferaseexpressing cells were first selected by incubation in complete medium containing blasticidin (2 µg/ml) for 2 weeks. After stable luciferase-expressing MDA-MB-231Br cells were obtained, shRNA and control vector infections were carried out and stable clones were selected using culture medium containing puromycin (2 µg/ml) for 2 weeks. Knockdown of IGF-IR was verified by Western blot. Luciferase expression was measured using the IVIS imaging system to ensure all cell lines retained similar expression level.
Wound-healing assays
MDA-MB-231Br shIGF-IR or shControl stable cells were seeded in a Costar 12-well dish (Sigma CLS3513) and cultured until confluent. A wound was introduced using a 200-µl pipette tip, and cell migration was monitored using the Zeiss Axiovert 200M time-lapse microscope and 10x phase contrast objective. Images of specific positions were taken at 30-min intervals over 24 hr and recorded using the AxioVision 4.6 software. Relative migration was calculated by measuring wound area at different time points using ImageJ.
Intracarotid mouse model of experimental brain metastasis
Female Swiss nu/nu mice 8 weeks of age were purchased in-house from M D Anderson's Department of Veterinary Medicine and Surgery -ERO Animal Resources. Mice were anesthetized with ketamine/xylazine and inoculated with 200,000 MDA-MB-231Br-shControl, -shIGF-IR (B) or -shIGF-IR (F) cells in 100 µl HBSS via injection into the right common carotid artery. Cells were verified to have a minimum of 95% viability prior to inoculation in mice. Development of brain metastasis was observed once weekly by luciferase imaging using the IVIS imaging system by Caliper Life Sciences. For imaging, mice were anesthetized by isofluorane/O 2 and injected intraperitoneally with 100 µL D-luciferin (Caliper Life sciences). Ten minutes after D-luciferin injection, images of brain metastases were captured using the Living Image 3.2 software. To obtain brain tissues, mice were euthanized according to animal facility guidelines under CO 2 asphyxiation followed by cervical dislocation. Brains were excised immediately following euthanasia and fixed in 10% neutral buffered formalin 24-48 hr at room temperature. Samples were then washed thoroughly with PBS and cut into sections across the coronal plane. Brain cross sections were paraffin embedded for analysis by hematoxylin and eosin (H&E) and immunohistochemistry (IHC), detailed below. All animal procedures were performed under the guidelines approved by the Institutional Animal Care and Use Committee (Protocol 06-87-06139) at M D Anderson Cancer Center.
Immunohistochemistry (IHC)
For IHC, a modified immunoperoxidase staining method from the avidin-biotin complex technique was used as described previously [34] . Slides (4 µm thick) were first deparaffinized. Following antigen retrieval, the slides were digested with 10 mM Tween 20 citrate buffer (pH 6.0). The endogenous peroxidase activity was blocked by incubation in 0.3% hydrogen peroxide. The slides were then blocked with 10% normal goat or horse serum for 30 min and incubated overnight with primary antibodies, including anti-IGF-IR pAb (1:80 dilution; Santa Cruz Biotechnology), anti-IGF-IR pAb (1:50; Cell Signaling Technology), anti-phospho-AKT (Ser473; 1:100; Cell Signaling Technology), anti-ki-67 pAb (ready to use; Zymed); and anti-GFAP pAb (1:50; Cell Signaling Technology). After primary antibody hybridization, slides were incubated with biotinylated secondary antibodies, followed by incubation with avidin-biotin-horseradish peroxidase complex (Vector Laboratories). Antibody detection was performed with the 0.125% aminoethylcarbazole chromogen (AEC) substrate solution (Sigma). The slides were counterstained with Mayer's hematoxylin (Sigma) and then mounted. For the negative control, all incubation steps were identical except that PBS was used instead of primary antibody. For the positive control, a previously identified strongly staining tumor tissue section was used. The prepared slides were examined by light microscopy. To ensure absolute objectivity of these IHC studies, experienced pathologists, who stained and evaluated primary tumor sections, conducted the experiments. The slides in which there was a scoring discrepancy >10% were re-evaluated and reconciled on a two-headed microscope.
Cell cycle analysis
Equal cell numbers were seeded in complete medium overnight and were either untreated or treated with picropodophyllin (Sigma) at 1 µg/mL for 48 hr. Cells were then washed with PBS, trypsinized, and fixed in 70% ethanol for 24 hr. After fixation, cells were washed twice with PBS and incubated with 40 µg/ml propidium iodide to stain DNA and 0.5 µg/ml RNAse H to degrade RNA to prevent it from being included in the cell cycle analysis. Cell cycle was then analyzed using the BC Gallios flow cytometer.
Statistical analysis
Significance in the brain metastasis-free survival curve was calculated using the Gehan-Wilcoxon test. All other samples were analyzed using a two-tailed student's t test. Results with p < 0.05 were considered statistically significant.
Results

Type I IGFR is autophosphorylated in brain-seeking breast cancer cells
Previous studies suggest that IGF-1 signaling and IGF-IR activation play a role in the brain specificity of metastatic breast cancer [19, 21] . To determine the relevance of IGF-IR in our model of brain metastasis, we first characterized the activation profile of IGF-IR in parental MDA-MB-231 (231P) and parental BT474 M1 breast cancer cells for comparison to their respective brain-seeking sublines, MDA-MB-231Br (231Br) [17] and BT474Br3. One of the current limitations of studying the phosphorylated form of IGF-IR is the cross-reactivity of commercially available antibodies with homologous phosphorylation sites on the insulin receptor. To circumvent this issue, we first immunoprecipitated the IGF-IR β subunit with a specific antibody that does not cross-react with the insulin receptor, followed by immunoblotting with phospho-IGF-IR antibody against Tyr 1131, the earliest autophosphorylation site that is absolutely required for IGF-1 ligand-dependent IGF-IR function [15] . We found that 231Br and BT474Br3 cells had significantly higher IGF-IR autophosphorylation compared to the parental cells under normal growth conditions in complete medium ( Figure 1A and 1B) . After accounting for the differences in expression and immunoprecipitation of total IGF-IR protein between parental and brain-seeking cell lines, autophosphorylation of IGF-IR increased by 27.4% and 21.6% in 231Br and BT474 Br3, respectively ( Figure S1 ).
To confirm this observation and to obtain a more detailed picture of the IGF-IR activation profile in brain-seeking cells, we examined IGF-IRβ phosphorylation using flow cytometry with an Alexa647-conjugated phospho-Tyr1131-IGF-IRβ antibody. We found that both 231Br and BT474Br3 cell lines expressed more phosphorylated IGF-IR than parental breast cancer cells under normal growth conditions in complete medium ( Figure  1C ). An average of 36.4% of the 231Br cell population was positive for phospho-Tyr1131 IGF-IRβ, compared to 14.6% of 231 parental cells (p < 0.005, Figure 1C , bottom left panel). Likewise, 81.9% of the BT474Br3 cell population was positive for phospho-Tyr1131 IGF-IRβ, compared to an average of 51.3% of the BT474 M1 parental cells (p < 0.05, Figure 1C , bottom right panel). In addition to the percentage of phosphoTyr1131 IGF-IR positive cells, we also measured the median fluorescence intensity (MFI) of these populations, which refers to the shift in overall intensity of the phospho-Tyr1131 IGF-IRβ signal. Consistent with the results shown in Figure 1C , we observed an increase in MFI of the 231Br and BT474Br3 cell populations compared to the parental cells such that the MFI of 231Br cells was 3.24, compared to 2.1 in the 231 parental cells (p < 0.0005; Figure S2 ) while the BT474Br3 cell lines exhibited a similar trend with an MFI of 7.29 compared to 4.38 in the parental BT474 cells (p < 0.05, Figure S2 ). One possible explanation for the higher phospho-IGF-IR observed in brainseeking cells in Figure 1A is the higher expression level of total IGF-IR protein detected in whole cell lysates ( Figure S3 ). This differential expression of IGF-IR is less obvious by flow cytometric analysis using a PE-conjugated IGF-IR antibody against the alpha subunit, suggesting a specific overexpression of the beta subunit of IGF-IR ( Figure S4 ). The flow cytometry data indicated that IGF-IR is autophosphorylated in a higher percentage of brain-seeking cells, and that the mean intensity of IGF-IR phosphorylation in these cells is also higher. Collectively, these findings demonstrated that the total protein level and autophosphorylation of IGF-IR is higher in brainseeking cells than in parental breast cancer cells. To further evaluate the role of IGF-IR signaling in brain-seeking breast cancer, we chose to work with the MDA-MB-231 cell lines, because of their known highly malignant behavior in vitro.
IGFBP3 is overexpressed and correlates with IGF-IR activation in brain-seeking cells
Since the basal level of IGF-IR autophosphorylation in 231Br and BT474Br3 cells is higher under normal culture conditions, we asked whether the IGF-IR signaling axis is constitutively activated in an autocrine manner, either dependent or The Role of IGF-IR Signaling in Brain Metastasis PLOS ONE | www.plosone.org is one of the major regulators of receptor activity in the IGF-IR signaling axis and a major binding protein of IGF-1 ligand that both potentiates and inhibits its interaction with IGF-IR in different cancers [22, 29, 35] . In Hs578T breast cancer cells, IGFBP3 promotes attachment and survival on fibronectin [36] , which is present in the perivascular space of the brain microenvironment and known to promote the growth of breast cancer cells in the brain [37] . However, IGFBP3 has also been reported to modulate IGF-IR phosphorylation independently of IGF-1 [23, 24] . When we examined the IGFBP3 mRNA expression level in 231Br cells, we found that it is expressed 25-30 fold more than in 231P (Figure 2A ). While IGFBP3 is traditionally studied as a secreted protein, it is known to carry out some of its functions intracellularly [38, 39] . We first analyzed the levels of secreted IGFBP3 by collecting the conditioned medium of 231P and 231Br cells. As a secreted protein, IGFBP3 exists in a non-glycosylated form (29 kDa), 2N-glycosylated (40 kDa), and 3N-glycosylated (45 kDa) forms [40] . Based on the mRNA expression levels, we expected that the protein levels of IGFBP3 would be higher in brain-seeking cells. Indeed, as shown in Figure 2B , the wide IGFBP3 band indicates that all three glycosylated forms are secreted in 231Br cells but were undetectable in 231P cells. We also analyzed the levels of intracellular IGFBP3 and found no difference in expression between 231P and 231Br cells ( Figure  2C ). These results suggest that IGFBP3 exerts its function in 231Br cells in an extracellular autocrine manner. To determine if the secreted IGFBP3 promotes IGF-IR activation, we knocked down the expression of IGFBP3 by transiently transfecting 231Br cells with two different IGFBP3 siRNAs ( Figure  2D ) and analyzed the receptor autophosphorylation under normal growth conditions in complete medium. Knockdown of IGFBP3 by two siRNAs potently inhibited IGF-IR Tyr phosphorylation ( Figure 2E) . A similar inhibitory effect was observed by flow cytometry on the phosphorylation of Tyr-1131-IGF-IR ( Figure 2F ), suggesting that IGFBP3 stimulates IGF-IR activation in an autocrine manner.
Knockdown of IGF-IR in brain-seeking breast cancer cells attenuates their migratory and invasive potential in vitro
In order to study the relevance of IGF-IR in the development of brain metastasis in vitro, we developed a model system using 231Br cells stably expressing luciferase and either empty vector (control) or IGF-IR shRNA. Two IGF-IR knockdown clones, shIGF-IR (B) and shIGF-IR (F), were selected for further characterization for comparison with the vector clone (vector). We first verified that IGF-IR was knocked down and AKT-Ser473 phosphorylation was reduced ( Figure 3A) . To further assess the in vitro biological significance of IGF-IR knockdown in brain-seeking cells, we measured cell proliferation of knockdown and control cells using an MTT assay. As shown in Figure 3B , IGF-IR knockdown cells proliferated more slowly at all three time points. Moreover, we also measured the cell growth of IGFR knockdown and vector control cells over a 72-hr period and calculated the total cell number ( Figure 3C ). In agreement with the MTT assay results, IGF-IR knockdown cells grew more slowly than vector control cells.
Next, we examined the effect of IGF-IR knockdown on the in vitro properties that are used as surrogate measures of metastatic potential of 231Br cells. We first used a woundhealing assay to determine the effect of IGF-IR knockdown on migration and found that IGFR knockdown cells were less efficient at closing the wound than the vector control cells ( Figure 3D ; representative images shown on left and quantification shown on right panel 3E). To determine the effect of IGF-IR knockdown on the invasive potential of 231Br cells, we performed a matrigel invasion assay. As predicted, we found that IGF-IR knockdown indeed attenuated the invasiveness of 231Br cells ( Figure 3F ; representative images shown on left and quantification shown on right panel 3G). Taken together, these data demonstrate that the loss of IGF-IR expression and subsequent inactivation of its downstream signaling molecules attenuate the vitro invasive phenotypes, including proliferation, migration and invasiveness of the brainseeking cells.
IGF-IR knockdown delays the outgrowth of brain metastases in vivo
To further characterize the functional consequences of IGF-IR knockdown on the development brain metastasis, we performed an experimental brain metastasis assay. Stable 231Br-Vector, 231Br-shIGF-IR (B), and 231Br-shIGF-IR (F) cells were inoculated in the carotid artery of female swiss nu/nu mice, and brain metastasis development was monitored for 12 weeks. After the first 4 weeks, mice in the vector group developed physiological signs of morbidity, such as weight loss, crouching, lethargy and/or disorientation. Mice inoculated with 231Br cells with IGF-IR knockdown demonstrated significantly longer survival than those in the vector group ( Figure 4A ). Mice in both knockdown groups also developed brain metastases, albeit significantly later than the vector group (p < 0.05). The vector group mice had a median survival of 46 days while the shIGF-IR (B) and shIGF-IR (F) groups had median survival of 77 days and 55.5 days, respectively ( Figure  4B ). Brain sections of representative mice from each group (n=3 each Vector and shIGF-IR (B); n=2 shIGF-IR (F)) were also analyzed by H&E staining and IHC for the expression of IGF-IR and AKT-pSer473 proteins ( Figure 4C and Table S1 ). All mice included in the analysis were sacrificed at later time points (5-10 weeks after intracarotid inoculation). H&E staining revealed visible brain metastases in most brain sections analyzed, although metastases from the IGF-IR knockdown groups were generally smaller in size than the vector group ( Figure 4C, top) with the exception of one sample from the shIGF-IR (B) group (not shown). Most metastases expressed IGF-IR protein (Table S1 ) although metastases in the shIGF-IR (B) and shIGF-IR (F) groups expressed lower levels of IGF-IR protein than the vector group ( Figure 4C, middle) . Expression of AKT-pSer473 likewise correlated positively with IGF-IR expression levels, with the vector group expressing the highest level of AKT-pSer473 and IGF-IR knockdowns expressing the lowest ( Figure 4C, middle) . Based on our results, we Furthermore, it has previously been reported that metastatic brain tumors cause the activation of astrocytes in the brain microenvironment, resulting in the support of tumor growth and vascularization [41] . The expression of glial fibrillary acidic protein (GFAP) is a marker of this astrocytic activation, and IHC staining revealed that the brain tissue surrounding brain metastases expressed high amounts of GFAP (80% positive cells control group, 52%-58% positive cells shIGF-IR groups, Table S1 and Figure 4C, bottom) . Remarkably, approximately 5-10% of GFAP positive cells infiltrated the edges of the tumor, suggesting that the activation and infiltration of astrocytes is associated with the growth of IGF-IR positive brain tumors ( Figure 4C, bottom, arrows) .
In addition to IGF-IR expression, the metastases we detected also expressed the nuclear proliferation marker ki-67 ( Figure S5) . Tumors from the control group had an overall higher percentage of ki-67 positive cells compared with those from the shIGF-IR (B) and shIGF-IR (F) groups (Table S1 ). Although the IGF-IR knockdown cells eventually formed brain tumors, these metastases were less proliferative than the vector control tumors at the time of mouse morbidity.
Inhibition of the IGF-IR by picropodophyllin induces G2/M cell cycle arrest and inhibits downstream signaling and biological function
Several monoclonal antibodies and TKIs against IGF-IR are currently under study in the clinical setting and have shown promise in the treatment of solid tumors [10] . Picropodophyllin (PPP) causes an induction of cell cycle arrest in the G2/M phase and is the only inhibitor that can specifically inhibit IGF-IR without affecting the insulin receptor [42] . PPP also leads to inhibition of cell growth, migration and invasion, and metastasis in a PI3K/AKT-dependent manner [43] [44] [45] . We analyzed the effect of PPP on cell cycle and showed that it induced an increase of cells in G2/M phase by 86% in 231Br cells and 35% in BT474Br3 cells ( Figure 5A ). Furthermore, PPP potently blocked the activation of molecules downstream of IGF-IR in a dose-dependent manner, in particular the phosphorylation of AKT-Ser473 and p70S6 kinase-Thr389 ( Figure 5B ). PPP also inhibited biological functions of the brain-seeking cells in which PPP-treated cells had decreased migration ( Figure 5C , quantitation shown on the right in panel 5D) and invasion ( Figure 5E , quantitation shown on the right in panel 5F). Taken together, these data indicate that IGF-IR-driven signaling could be potentially targeted by PPP in brain-seeking cells.
Discussion
An important step in the development of rational therapies for brain-metastatic breast cancer is the identification of major molecular drivers of the disease. The study presented here supports the notion that (A) the IGF-IR signaling axis is active and mediates malignant phenotypes in brain-seeking breast cancer cells, (B) both genetic and pharmacological inhibition IGF-IR decrease the malignancy of brain-seeking cells in vitro, and remarkably (C) IGF-IR shRNA-expressing breast cancer cells have a decreased ability to form brain tumors in a model of experimental brain metastasis. The studies presented here support that IGF-IR signaling is a driver of brain metastases, with important implications in which therapeutic inhibition of this receptor may prevent or delay the establishment of IGF-IRpositive metastatic brain tumors from breast cancer.
In our model system, 231Br and BT474Br3 cells expressed more of the autophosphorylated form of IGF-IR. This result is in agreement with previous studies that found activated phospho-IGF-IR/IR and phospho-S6K are associated with poor survival in patients with invasive breast cancer [20] . Furthermore, phospho-IGF-IR and phospho-AKT were recently shown to correlate with metastases of breast cancer to the brain in a cohort of 42 brain metastases from breast and lung cancer patients [21] . Indeed, phosphorylated IGF-IR appears to be a recurrent theme in advanced breast cancers, and our results further elucidated its biological significance.
We concluded that constitutive autophosphorylation of IGF-IR is likely due to regulation by the autocrine components of the IGF-IR signaling axis, such as IGF-1 and IGFBP3. IGFBP3 was overexpressed in 231Br brain-seeking cells, and its knockdown by siRNA resulted in a significant decrease of IGF-IR Tyr phosphorylation. These findings led us to believe that IGFBP3 may enhance IGF-1 bioavailability and subsequently activate IGF-IR in our model system. Various studies suggest mechanisms of IGF-IR induction by IGFBP3, including signaling through sphingosine kinase (Sphk) and crossactivation of IGF-IR and EGFR and binding of IGFBP3 [35] . However, further work is needed to confirm the IGF-1 liganddependent function of IGFBP3 on IGF-IR. In this study, we present findings consistent with the "IGFBP3 resistance" model, in which tumor cells acquire higher expression levels of IGFBP3 as well as insensitivity to its inhibitory effects as they become more malignant, as shown in Figure 2A and 2B. Furthermore, we provide evidence that IGFBP3 potentiates IGF-IR signaling. In support of our results, IGFBP3 has previously been found to sensitize IGF-IR activation through modulation of IGF-1 bioavailability. It is known that IGF-1 ligand binding to the IGF-IR results in receptor internalization, and therefore decreased signaling. Conover & Powell showed that pre-incubation of cells with IGFBP3 successfully prevents IGF-IR downregulation by capturing excess IGF-1, while slowly releasing IGF-1, increasing IGF-IR signaling and re-sensitizing cells to IGF-1 ligand stimulation [46] .
To address the biological significance of IGF-IR, we constructed brain-seeking 231 cells stably expressing IGF-IR shRNA. Ablation of IGF-IR diminished the proliferation, migration, and invasion of 231Br cells in vitro. Knocking down IGF-IR delayed the outgrowth of brain metastases and extended the survival of mice bearing brain metastases. When we examined the brains of mice bearing brain metastases of shIGF-IR 231Br cells, we were surprised to find that these metastases expressed IGF-IR, albeit at lower levels than the brain metastases from the vector 231Br group. We speculate that in our model system, the brain microenvironment may have selected for, if not promoted, the survival of tumor cells with remaining expression of IGF-IR. However, this hypothesis should be validated in future studies.
The cause of brain metastasis remains elusive although 25 to 40% of patients with Her2+ and triple-negative breast cancer
The Role of IGF-IR Signaling in Brain Metastasis PLOS ONE | www.plosone.org (TNBC) have a significantly increased likelihood of developing brain metastases [8, 47] . Interestingly, the increased signaling of the IGF-IR has been shown to associate with resistance of Her2+ breast cancers to trastuzumab [48] . A recent preclinical study showed the expression of an IGF-IR gene signature in TNBC that consequently sensitizes this cancer subtype to anti-IGF-IR therapy [49] . IGF-IR signaling was also shown to promote the proliferation and survival of TNBC cells, and it was associated with early tumor recurrence in TNBC patients when accompanied by PTEN loss [50, 51] . In addition, other groups have also suggested the reliance of TNBC cell lines on IGF-1 signaling [50] . It is worth noting that the 231Br cell line used in our model system is a TNBC cell line, and our results support the notion that IGF-IR might play a role in brain metastasis of TNBC. Future studies with additional TNBC models should explore the role of IGF-IR in this aggressive subset of breast cancers in further detail. Finally, we found that PPP potently inhibited IGF-IR signaling in breast cancer cells in vitro. A previous report identified that the major IGF-regulated process in the cell cycle is upregulation of genes involved in the G2/M transition [49] . Our findings confirmed that the same holds true in brain-seeking breast cancer cells. In regard to PPP's potential in the translational setting, it would be useful to conduct a systematic study of PPP's ability to prevent brain metastases in vivo as a single modality agent. A recent study by Yin et al., demonstrated this potential in an intracranial xenograft model of glioblastoma, in which PPP demonstrated ability to cross the blood-brain-barrier and cause tumor regression as well as downregulation of p-AKT [52] . PPP's efficacy in glioblastoma may yield clues as to its potential in prevention of breast cancer cell colonization in the brain. A recent study of drug delivery in mouse models of breast cancer brain metastasis found the heterogeneity of blood-tumor-barrier permeability to be a major obstacle to drug efficacy, and further validation of PPP in these mouse models is needed [53] . Our study establishes a clear biological role of the IGF-IR and its activation in brain-specific metastases of breast cancer, suggesting that dysregulated molecules along the IGF-IR signaling pathway play a significant role in the establishment of brain metastasis. Further studies should pursue the utility of IGF-IR inhibitors for the prevention and treatment of brain metastases of breast cancer, particularly in a setting where the patient is refractory to other therapies. 
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